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ABSTRACT 


Canine  detection  of  buried  landmines  is  thought  to  be  an  olfactory  process  and  efforts  are  now  under¬ 
way  to  develop  electronic  sensing  of  explosives  vapors.  The  quantity  of  these  vapors  is  critical  to  any 
chemical-sensing-based  procedure  for  detecting  landmines.  Plastic-cased  mines  release  vapors  of  explo¬ 
sive-related  compounds  (ERC)  by  permeation  through  the  casing  as  well  as  through  holes  and  cracks. 
Measurement  of  permeation  contributions  to  the  release  flux  was  reported  previously  for  a  few  intact 
mines.  Here  we  determine  permeation-driven  fluxes  and  diffusivities  by  analysis  of  ERC  release  into 
water  as  a  function  of  time.  The  solubility  of  TNT  and  diffusivities  of  TNT,  2,4-DNT,  and  1,3-DNB  in 
five  polymeric  materials  potentially  used  in  mine  casings  are  reported  for  the  first  time.  This  information 
can  be  used  to  estimate  ERC  fluxes  from  TNT-filled  mines  encased  in  any  of  these  materials.  Direct 
measurement  of  die  release  fluxes  from  intact  mines  are  feasible  and  were  described  previously.  Calcu¬ 
lated  diffusivities  of  the  nitroaromatics  in  these  materials  were  similar  to  those  reported  in  the  literature 
for  other  aromatic  vapors.  Diffusion  was  generally  non-Fickian  (concentration-dependent).  TNT  fluxes 
into  Tedlar  bags  were  also  measured  at  3, 13,  and  22°  C  for  the  five  materials.  The  temperature  depen¬ 
dence  is  well  described  by  simple  exponential  relations  of  the  van’t  Hoff/Arrhenius  type,  and  an  activa¬ 
tion  energy  was  calculated  for  the  process.  The  temperature  dependence  of  the  fluxes  was  similar  for  all 
five  materials.  Fluxes  of  individual  ERC  components  were  also  determined  at  22°  C  and  reflected  their 
abundance  in  the  headspace  of  the  source  explosive.  Plastic/air  partition  coefficients  of  the  contaminants 
ranged  from  1  x  103  to  3  x  105  and  were  about  an  order  of  magnitude  higher  for  TNT  than  for  DNB  and 
were  intermediate  for  DNT. 
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1  INTRODUCTION 

Trinitrotoluene  (TNT)  explosives  worldwide  are  known  to  emit  vapors  of 
TNT,  DNT,  and  DNB  isomers  (Leggett  et  al.  1977,  Jenkins  et  al.  2000).  These 
same  vapors  are  also  emitted  by  intact  mines  (Leggett  et  al.  2001)  and  contami¬ 
nate  their  surfaces  (Leggett  et  al.  2000).  Vapor-contaminated  materials,  them¬ 
selves,  remain  a  source  of  vapors  for  many  days  (Bender  et  al.  1992).  These 
emitted  vapors  are  sorbed  and  concentrated  on  soil  around  buried  landmines 
(George  et  al.  1999).  The  success  with  which  canines  locate  buried  landmines 
suggests  an  olfactory  process:  chemical  sensing  of  airborne  vapors  or  vapor- 
contaminated  particles.  Efforts  are  now  under  way  to  develop  electronic  sensors 
for  these  vapors. 

Plastic  mine  casings  are  prevalent  and  are  expected  to  attenuate  the  strength 
of  the  vapor  source  of  the  charge.  Moreover,  the  various  plastics  that  are  used  to 
fabricate  mine  casings  are  expected  to  have  different  permeabilities,  dependant 
on  the  individual  solubility  and  diffusivity  of  the  explosive-related  compound 
(ERC)  emitted  by  the  source.  If  the  solubility  and  diffusivity  of  a  compound  are 
known,  one  can  calculate  a  flux  as  F-  D  x  S/L,  where  L  is  the  thickness  of  the 
casing.  ERC  solubilities  and  diffu sivities  were  not  available  in  the  literature, 
however,  so  these  measurements  are  reported  here  for  five  common  plastic 
materials  potentially  used  for  fabricating  mine  casings.  The  effect  of  temperature 
on  release  of  ERC  into  air  was  also  studied,  as  was  the  release  into  water  as  a 
function  of  time.  The  latter  data  were  used  to  calculate  diffusivities. 

At  the  time  this  work  was  proposed,  we  did  not  know  that  it  would  be  pos¬ 
sible  to  measure  ERC  fluxes  from  landmines  directly.  While  the  present  work 
was  being  conducted,  we  also  succeeded  in  performing  flux  measurements  on 
a  number  of  intact  landmines  using  these  same  methods.  That  work  is  reported 
elsewhere  (Leggett  et  al.  2001),  and  the  two  studies  are  complementary  and  form 
a  more  complete  picture. 
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2  EXPERIMENTAL  METHODS 

Mine-casing  surrogates  were  made  from  one-eighth-inch-thick  (0.32-cm) 
sheets  of  low-  and  high-density  polyethylene,  polypropylene,  polystyrene,  and 
polyvinyl  chloride  (LDPE,  HDPE,  PP,  PS,  PVC)  (AIN  Plastics,  Mount  Vernon, 
New  York).  Circular  sections  7.4  cm  in  diameter  were  cut  from  these  to  use  in 
experiments.  These  surrogates  were  then  placed  in  a  glass  desiccator  jar  with  the 
main  charge  (200-g  block  of  TNT)  from  a  PMA1A  landmine  and  maintained  at 
22°  C  for  six  months.  An  initial  study  was  done  using  as  a  source  ~100  mg  of 
TNT  scraped  from  the  surface  of  a  PMA1A  charge,  but  the  results  were  partly  in 
error  because  the  specimens  were  undersaturated  in  DNT  and  DNBs.  Evidently 
the  source  had  been  depleted  of  volatiles  before  the  specimens  were  saturated. 
TNT  saturation  was  unaffected,  however,  as  shown  by  later  experiments,  so  these 
data  were  used  to  estimate  the  temperature  dependence  of  the  TNT  flux. 

Tedlar  bags  (Norton),  15  x  15  cm  (6  x  6  in.),  were  purchased  from  Fisher 
Scientific.  One  end  was  cut  off  so  the  plastic  disk  could  be  inserted.  The  bags 
were  sealed  with  plastic  crimp  seals  from  I2R.  The  enclosed  specimens  were  then 
placed  in  a  dark  temperature-controlled  room  at  21.5°  C  for  seven  days,  when  the 
bag  was  opened  and  the  disk  removed.  Ten  mL  of  acetonitrile  (HPLC-grade, 
Burdick  and  Jackson)  was  added  and  the  bag  reclosed  with  the  crimp  seals.  The 
solvent  was  allowed  to  briefly  rinse  all  internal  surfaces  of  the  bag,  decanted  into 
a  vial,  and  1  mL  removed  for  analysis. 

For  water  collection,  plastic  surrogates  were  submerged  individually  in  an 
appropriate  volume  of  MilliQ  water  in  a  silanized  glass  jar.  The  setup  was  agi¬ 
tated  gently  on  a  platform  shaker  in  a  dark  room  controlled  at  21.5°  C.  Three-mL 
water  samples  were  taken  periodically  for  analysis.  These  experiments  were  con¬ 
tinued  until  the  water  concentrations  approached  equilibrium,  about  two  months. 

Water  and  acetonitrile  extracts  were  analyzed  by  HPLC-UV.  Standard 
Analytical  Reference  Materials  (SARMs)  for  1,3 -dinitrobenzene  (DNB),  2,4- 
dinitrotoluene  (DNT),  2,4,6-trinitrotoluene  (TNT),  and  hexahydro-l,3,5-trinitro- 
1,3,5-triazine  (RDX)  were  obtained  from  Army  Environmental  Center,  Edge- 
wood,  Maryland.  A  working  stock  containing  1.0  mg/L  of  each  analyte  in  aceto¬ 
nitrile  was  prepared.  Water  samples  were  diluted  with  one  part  acetonitrile,  and 
acetonitrile  extracts  and  stock  standards  were  diluted  with  three  parts  MilliQ 
water.  All  samples  and  standards  were  filtered  through  0.45-micron  Durapore 
(Waters)  membrane  syringe  (B-D)  filters  prior  to  analysis.  A  10-cm  HPLC 
column  (NovaPak  C-s)  was  used  to  separate  the  analytes  using  waterisopropanol 
(16:3)  as  the  mobile  phase  at  a  flow  rate  of  1.4  mL/min. 
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3  RESULTS  AND  DISCUSSION 

Originally  we  had  intended  to  conduct  typical  breakthrough  experiments 
involving  a  vapor  source  on  one  side  of  a  plastic  sheet  and  collection  of  the 
permeate  on  the  other.  This  would  also  simulate  an  explosive  charge  with  a  mine 
casing  barrier.  However,  as  a  result  of  some  experimental  and  practical  difficul¬ 
ties,  we  later  abandoned  this  approach  and  adopted  the  methodology  described 
above.  At  the  outset  we  also  were  not  aware  that  we  would  be  able  to  measure 
fluxes  directly  from  landmines.  While  the  present  work  was  in  progress  we 
succeeded  in  measuring  ERC  fluxes  from  several  types  of  intact  landmines 
(Leggett  et  al.  2001). 

One  set  of  five  plastic  mine  surrogates  was  equilibrated  for  several  months 
in  a  tightly  closed  jar  with  ~1 00  mg  of  TNT  scraped  from  aPMAlA  source.  The 
specimens  were  then  placed  in  Tedlar  bags  for  one  week,  removed,  and  the  ERC 
residues  extracted  from  the  bags.  Very  low  concentrations  of  DNT  and  DNB 
were  found  relative  to  their  concentrations  in  equilibrium  headspace,  or  in  similar 
experiments  with  intact  landmines.  This  caused  us  to  surmise  that  the  source, 
because  of  its  small  size,  had  become  depleted  in  these  more  volatile  compounds 
before  saturation  of  the  plastic  specimens  was  complete.  In  any  case,  these  speci¬ 
mens  were  still  used  for  flux  measurements  at  three  temperatures,  but  only  the 
fluxes  of  TNT  are  reported  (Table  1). 

The  flux  vs.  temperature  data  are  plotted  as  In  F\ s.  1  IT  in  Figure  la-e.  This 
is  the  familiar  Arrhenius  Law  plot,  in  which  the  slope  of  the  line  is  directly  re¬ 
lated  to  an  activation  energy  for  the  flux.  It  may  also  be  interpreted  as  an  activa¬ 
tion  energy  for  diffusion  since  they  are  linearly  related  through  the  equation 
(Park  et  al.  1996) 

F=Dx  S/L  (1) 

where  D  is  the  diffusion  coefficient  in  cm2/s,  S  is  solubility  or  concentration  in 
the  polymer  in  g/cm3,  and  L  is  the  thickness  of  the  specimen  in  cm.  Good  fits 
were  obtained  in  all  cases.  The  activation  energies  presented  in  Table  2  are 
derived  from  the  fit  to  an  Arhennius  equation: 

F=  F0  x  e_E/RT  (2) 

where  F0  is  a  constant,  E  is  an  activation  energy,  R  is  the  gas  constant,  and  T  is 
absolute  temperature.  The  linearized  form 
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lnF=lnF0-£/RT  (3) 

was  used  to  analyze  the  data  by  linear  regression  (StatView).  The  derived 
activation  energies  for  diffusive  flux  are  remarkably  similar  for  four  of  the 
five  materials.  PVC  is  also  similar  if  one  discounts  one  of  the  data  points. 


Table  1.  Fluxes  of  TNT  from  plastic  surrogates  as  a  func- 

tion  of  temperature. 

T 

Flux 

Plastic 

ro 

fg/cm2s) 

HDPE 

-4.0 

5.8 

9.2 

33.6 

21.5 

115 

LDPE 

^.0 

13.5 

9.2 

46.4 

21.5 

253 

PP 

—4.0 

9.2 

9.2 

54.1 

21.5 

158 

PS 

-4.0 

13.8 

9.2 

86.9 

21.5 

270 

PVC 

-4.0 

4.7 

9.2 

23.2 

21.5 

46.2 

The  apparent  uniformity  of  diffusion  energetics  in  even  four  or  five  different 
polymer  materials  is  remarkable  considering  that  PS  is  aromatic  and  polarizable, 
and  PVC  is  polar  (Paley  et  al.  1990);  both  might  be  expected  to  have  a  stronger 
affinity  for  TNT  than  the  non-aromatic,  weakly  polarizable  PE  and  PP.  This  sug¬ 
gests  to  us  that  the  interaction  of  TNT  with  these  polymers  is  nonspecific  and 
results  primarily  from  dispersion  forces.  This  is  consistent  with  linear  free  energy 
analysis  of  partitioning  of  nitroaromatics  and  other  solutes  between  PVC,  PTFE 
(Teflon),  and  water  (Leggett  and  Parker  1994).  There  are  few  data  with  which  to 
compare  the  data  of  Table  2.  The  estimated  activation  energy  of  TNT  diffusion  in 
nitrile  butadiene  rubber  is  30-35  kJ/mole  at  93-1 13°  C  (Tung  et  al.  1997).  How¬ 
ever,  TNT  diffusivity  in  that  work  was  two  orders  of  magnitude  greater  than  in 
the  materials  studied  here  and  the  temperature  range  much  higher,  so  a  factor-of- 
two  difference  in  activation  energy  does  not  appear  to  be  inconsistent  with  our 
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data.  The  heat  of  sublimation  of  TNT,  in  effect  its  self-interaction,  is  99  kJ/mole 
(Pella  1976).  Again,  this  fact  supports  the  relatively  weak  interaction  between 
TNT  and  these  polymers.  From  the  conformity  of  the  temperature  dependence 
of  DNB  and  DNT  fluxes  from  intact  landmines  (Leggett  et  al.  2001)  with  that 
reported  here  we  can  extend  the  weak  interaction  inference  to  these  other  ERC 
as  well. 


a.  TNT  flux  from  HDPE. 


Figure  1.  Arrhenius  plots. 


In(Rux)  In(Flux) 
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1000/T 

c.  TNT  flux  from  PP. 


1000/T 

d.  TNT  flux  from  PS. 

Figure  1  (cont’d).  Arrhenius  plots. 
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e.  TNT  flux  from  PVC. 
Figure  1  (cont’d). 


Table  2.  Activation  energies  for  diffusive  flux  of  TNT  in 
polymers. 

E 

Plastic 

(kJ/mole) 

HDPE 

77.7 

LDPE 

75.4 

PP 

74.2 

PS 

77.4 

PVC 

59.5  (76.3*) 

*  Without  21.5°  C  point. 

A  second  set  of  plastic  surrogates  like  the  first  were  equilibrated  with  a  200-g 
block  of  TNT  from  a  PMA1A  mine  for  six  months  at  22°  C.  The  specimens  were 
then  bagged  in  Tedlar  for  one  week  at  21.5°  C.  The  collected  vapors  were  ana¬ 
lyzed  as  before  and  converted  to  fluxes  of  DNB,  DNT,  and  TNT  shown  in  Table 
3.  The  TNT  fluxes  should  be  and  are  similar  to  the  first,  as  expected  (Table  1). 
The  DNB  and  DNT  fluxes  are  now  also  consistent  with  their  concentrations  in 
the  headspace  vapor  and  fluxes  from  intact  mines  reported  elsewhere  (Leggett 
et  al.  2001). 
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Table  3.  ERC  fluxes  (fg/cm2s)  from  plastic  surrogates  at  21.5°  C. 

Plastic 

DNB 

DNT 

TNT 

LDPE 

1900 

600 

225 

HDPE 

906 

367 

144 

PP 

1520 

521 

200 

PS 

1230 

394 

217 

PVC 

231 

87 

59 

Following  this  experiment  the  plastic  surrogates  were  placed  in  jars  con¬ 
taining  100  mL  of  water  and  the  solutions  analyzed  periodically  for  two  months. 
Desorption  curves  for  TNT,  DNT,  and  DNB  from  the  five  TNT-saturated  plastics 
in  water  are  shown  in  Figures  2a-e.  Following  desorption  in  water  the  specimens 
were  transferred  to  10.0  mL  of  acetonitrile  and  extracted  for  two  weeks.  From 
analysis  of  the  acetonitrile  extracts,  the  water,  and  the  Tedlar  bags,  a  total  mass 
and  solubility  were  obtained  for  each  compound  of  interest.  The  mass/volume 
solubilities  were  determined  by  dividing  these  masses  by  13.66  cm3,  the  com¬ 
puted  volume  of  the  individual  specimens.  Plastic/air  partition  coefficients,  Kpa, 
were  calculated  as  S  divided  by  the  equilibrium  vapor  concentration  in  the  head- 
space  over  the  source.  S  and  Kpa  for  TNT,  DNT,  and  DNB  in  the  five  materials 
are  presented  in  Table  4. 

A  standard  way  of  determining  diffusion  coefficients  is  from  mass  uptake 
with  time  experiments  (Berens  and  Hopfenberg  1982,  Ogawa  and  Masuichi 
1997).  Here  we  have  measured  mass  loss  with  time  and  apply  a  similar  analysis 
since  diffusion  is  assumed  to  be  reversible.  For  Fickian  diffusion  D  is  constant 
and  the  rate  of  mass  gain  or  loss  should  be  proportional  to  the  square  root  of  time 
according  to  the  following  equation  (Ogawa  and  Masuichi  1997): 

mt/S  =  4  (D  x  t/jt  x  (f’)m  (4) 

where  mt  is  mass  change  at  time  t,  S  is  total  mass  gain  at  saturation,  i.e.,  solu¬ 
bility,  D  is  the  diffusion  coefficient,  and  d  is  the  thickness  of  the  material 
specimen  (0.3175  cm).  Thus  a  plot  of  mJS  vs.  /1/2will  yield  the  diffusion 
coefficient  as  the  slope  of  this  line  squared  times  0.0198. 

The  desorption  histories  of  the  specimens  are  replotted  as  fractional  mass  lost 
vs.  tm  as  a  continuum  to  include  both  the  air  and  water  experiments  (Fig.  3a-e). 
The  initial  mass  lost  in  air  (t112  <  2.65  days'72)  was  followed  by  a  more  rapid 
decline  when  the  specimens  were  first  placed  in  water.  We  believe  the  slower 
initial  loss  in  air  is  due  to  mass  transport  limitation  in  air  relative  to  water,  which 
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is  a  function  of  large  plastic/air  partition  coefficients  (Kpa  >  103;  Table  4).  This 
phenomenon  was  observed  previously  in  the  flux  measurements  using  actual 
mines  (Leggett  et  al.  2001).  Following  the  initially  more  rapid  loss  in  water,  the 
rate  of  mass  loss  slows,  indicating  diffusion  of  the  ERC  in  these  materials  is  non- 
Fickian,  and  there  are  no  unique,  concentration-independent  diffusivities. 


o  pg-1 , 3  DNB 
o  (jg-TNT 
A  pg-DNT 


a.  From  HDPE. 


b.  From  LDPE. 


Figure  2.  Release  of  ERC  into  water. 


Mass  (Mg)  Mass  ft* 
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c.  From  PP. 


Time  (days) 


d.  From  PS. 

Figure  2  (cont’d).  Release  of  ERC  into  water. 
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e.  From  PVC. 
Figure  2  (cont’d). 


Table  4.  Solubilities  and  plastic/air  partition  coefficients  of  ERC  from 
PMA1A  source. 

DNB 

DNT 

TNT 

mmm 

s* 

Kpa* 

S 

Kp, 

S 

Kpa 

23.1 

5 

12.6 

9 

3.64 

47 

■32m 

137 

3 

54 

22.4  * 

290 

pp 

60.1 

13 

23 

7.2 

92 

PS 

72 

16 

mm 

18 

15.2 

190 

PVC 

5.14 

1.1 

1.87 

1.3 

1.15 

15 

*  S  in  g/cm3 

X  106. 

f  Kpg  in  Val(/Vplastic  x  1CT3. 

The  diffusion  coefficients  presented  in  Table  5  were  determined  by  least 
squares  analysis  of  the  desorption  curves  at  less  than  about  60%  of  saturation, 
where  they  appear  to  be  more  nearly  Fickian.  Good  agreement  was  in  any  case 
obtained  between  these  data  and  published  diffusivities  of  other  aromatic  com¬ 
pounds  in  plasticized  materials  or  unplasticized  materials  above  their  glass  tran¬ 
sition  temperatures  (Table  6).  Plasticization  essentially  involves  addition  of  a 
semi-volatile  solvent  during  the  manufacture,  which  effectively  lowers  the 
overall  glass  transition  temperature  of  the  plastic.  The  work  of  Berens  and 
Hopfenberg  (1982)  (Table  6)  and  others  (Romdhane  et  al.  1995)  clearly  shows 
diffusion  of  many  compounds  in  unplasticized  polyvinyl  chloride  or  polystyrene 
powders  to  be  several  orders  of  magnitude  slower  than  observed  here.  Thus  one 
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can  infer  that  the  materials  we  used  here  have  glass  transitions  below  room 
temperature  either  naturally  (PE,  PP)  or  by  addition  of  plasticizers  (PVC,  PS). 
Comparison  with  flux  values  presented  earlier  (Leggett  et  al.  2001)  suggests  that 
actual  mine  casing  materials  also  have  glass  transitions  below  room  temperature. 


Table  5.  ERC  diffusivities  (cm2/s  *  1010)  in  plastic  mine  surrogates  at 
21.5°  C. 

Plastic 

DNB 

DNT 

TNT 

HDPE 

30 

28 

28 

LDPE 

22 

12 

30 

PP 

21 

13 

15 

PS 

2.3 

1.1 

4 

PVC 

4 

4 

6 

PS-PMA2* 

1.3 

0.66 

2.9 

*  From  steady-state  flux  in  Water  (Leggett  et  al.  2001). 

Also  included  in  Table  5  are  calculated  diffusivities  for  TNT,  DNT,  and 
DNB  in  an  intact  PMA2  landmine  casing  using 

D  =  FxL/S.  (5) 

S  was  measured  by  extracting  ERC  from  a  PMA2  casing  with  acetonitrile,  and 
their  fluxes  in  water  at  steady  state  were  from  a  different  intact  mine  (Leggett  et 
al.  2001).  Tests  indicated  that  the  casing  is  2-mm-thick  polystyrene.  Good  agree¬ 
ment  was  obtained  between  the  diffusivities  in  the  casing  compared  to  the  sur¬ 
rogate.  Accurate  prediction  of  ERC  fluxes  from  landmines,  however,  is  more 
problematic  because  a  number  of  factors  will  have  a  greater  influence  than  the 
diffusivities. 

Apparent  solubilities  or  concentrations  of  volatile  TNT  impurities,  including 
DNT  and  DNB,  in  TNT-filled  mine  casings  will  be  a  function  of  their  abundance 
in  the  source  charge,  which  varies  considerably  from  manufacturer  to  manufac¬ 
turer  (Leggett  et  al.  1977,  Jenkins  et  al.  2001).  The  presence  of  varying  quantities 
of  plasticizers  and  other  additives  in  actual  casing  materials  may  also  affect  con¬ 
taminant  transport  properties.  Further,  release  of  ERC  from  intact  landmines  to 
air  appears  to  be  retarded  by  mass  transport  resistance  (Leggett  et  al.  2001),  as  it 
was  with  surrogates,  so  that  fluxes  are  under  mass  transport  control  rather  than 
diffusion  limited.  Initial  measurements  of  landmine  fluxes  in  dry  sand  were  com¬ 
parable  to  those  in  air,  while  moist  sand  significantly  retarded  the  experimental 


Diffusion  and  Flux  of  Explosive-Related  Compounds 


13 


fluxes,  contrary  to  expectation  (Leggett  and  Cragin,  unpublished  data).  The  best 
approach  will  be  to  measure  landmine  fluxes  directly  under  conditions  simulating 
their  deployment. 


1.1- 

1 

1 

1  o  TNT 

8  -9: 

Q  □  DNT 

I  -8- 

Sb  A  DNB 

£  7 

P 

1  -6 

8 

2  .5 

B 

A 

B 

.3 

i 

.2 

a 

i 

,  °  $8  ' 

’ll 

Time1/2  (days)  9 

a.  From  HDPE. 


b.  From  LDPE. 


Figure  3.  tm  plot  of  ERC  release  vs.  the  square  root  of  time. 
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Time1/2  (days) 


c.  From  PP. 


Timein  (days) 

d.  From  PS. 


Figure  3  (cont’d).  i112  plot  of  ERC  release  vs.  the  square  root  of  time. 
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Table  6.  Some  diffusivities  (cm2/s  x  1010)  from  the  literature3. 


Compound 

Benzene 

Toluene 


Xylenes 


HDPE 

51 b 
51c 
32d 
33b 
10c 
53d 


LDPE 

79® 

40e 


10® 


PS 

0.005' 


PVC 

0.0002' 

54d 


160d 


DEHP9 

DNTh 


28 


12  1.1 


1.2 

4 


From  saturated  vapor  or  aqueous  solutions  at  20-30°  C. 
Park  and  Nibras  (1993). 

Prasad  et  al.  (1994). 

Reynolds  et  al.  (1989). 

Reynolds  et  a!.  (1989). 

Unplasticized  material  (Berens  and  Hopfenberg  1982). 
Diethylhexyl  phthalate  (Bichara  et  al.  1999). 

This  work. 
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